The selected-area electron diffraction technique has been used to investigate the structure of bundles of single-wall carbon nanotubes synthesized by the catalytic chemical vapor deposition method. The helicity and lattice packing of the single-wall carbon nanotubes within the bundles have been deduced from the experimental diffraction patterns on the basis of the geometry of the reciprocal space of carbon nanotubes and computer simulations based on the kinematical theory. We show that a precise helicity can be found within a given small bundle. We attribute this selectivity to the small number of nanotubes ͑20-30͒ in the bundles.
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I. INTRODUCTION
Since their discovery in 1991, 1 carbon nanotubes have been the subject of an intensive research due to their extraordinary mechanical 2 and electronic 3, 4 properties. Moreover, the intrinsic simplicity of the single-wall carbon nanotubes made them ideal objects for the investigation of reduceddimensionality effects. Indeed, a single-wall carbon nanotube ͑SWNT͒ can be built by rolling up a single graphene sheet and is uniquely defined by its chiral vector C n,m ϭnaϩmb, where a and b are the unit vectors of the honeycomb network, and n and m are integers. 5 Depending on the wrapping indices ͑n,m͒, different types of nanotubes are obtained: ͑1͒ zigzag nanotubes correspond to (n,0) and have a chiral angle of 0°, ͑2͒ ͑n,n͒ armchair nanotubes have a chiral angle of 30°, and ͑3͒ other, chiral ͑n,m͒ nanotubes have a chiral angle ranging from 0°to 30°. The properties of a SWNT are determined by its diameter and chiral angle ͑helicity͒, which are uniquely defined by the couple ͑n,m͒. For example, a SWNT can behave either as a metal or a semiconductor depending on these two parameters. 6 Due to recent progress in the production techniques, the SWNT's can now be synthesized in large quantities with high yields. For example, the SWNT's are commonly produced by the laser ablation method 7 and the electric arc discharge technique. 8 More recently, large-scale production of SWNT's by the catalytic chemical vapor deposition ͑CCVD͒ method has been reported. 9 The SWNT's synthesized by the first two methods have been intensively studied by many characterization techniques. Among these, high-resolution transmission electron microscopy ͑HRTEM͒ and x-ray diffraction have revealed the structure and morphology of the SWNT samples. 7, 8 It appeared that the SWNT's are close packed in bundles and form a triangular lattice with a period of 17 Å. Assuming an intertube distance of 3.2 Å, it was concluded 7 that the mean tube diameter was 13.8 Å. Subsequent studies with Raman spectroscopy 11, 12 and x-ray and neutron diffraction 13 showed that the tube diameter and the lattice parameter can vary inside the same sample. Different authors reported also that the atomic structure of the SWNT's depends on the growth conditions and on the production technique used. 14 -17 Another, powerful technique for a direct determination of the helicity of the nanotubes is electron diffraction ͑ED͒, as first demonstrated for multiwall carbon nanotubes by Iijima et al. 10 Two complementary methods exist for the interpretation of the diffraction pattern produced by the carbon nanotubes. The reciprocal-space geometrical model 18 -20 provides a qualitative understanding of the position and shape of the hk.0 reflections of a given carbon nanotube, and the kinematical theory of diffraction [21] [22] [23] [24] [25] makes it possible to calculate the positions and intensities of the spots in the diffraction pattern.
Experimentally, the first ED results on SWNT's have been obtained on samples produced by the double-laser ablation method. 24,26 -29,31,32 Different conclusions have been drawn concerning the helicity of the tubes forming the bundles. Using nanodiffraction, Cowley et al. 26 found a predominant helicity corresponding to the armchair ͑10,10͒ nanotubes, together with a small proportion of ͑11,9͒ and ͑12,8͒ tubes. With the same type of sample, other nanodiffraction experiments did not reveal a predominant helicity, but only a weak preference for the armchair geometry. 27, 28 Using selected-area electron diffraction ͑SAED͒, Bernaerts et al. 24 came to the conclusion that a bundle mixed several tube helicities. From these published observations, we conclude that the SWNT bundles produced by laser ablation present some distribution of tube helicities except for a few cases where a unique helicity has been found. 27, 28, 31 As for the SWNT's synthesized by electric arc discharge, detailed SAED experiments indicated an uniform distribution of helicity in the bundles. 25 In this paper, we analyze electron diffraction data we have obtained on isolated, straight, and small bundles of singlewall carbon nanotubes produced by the CCVD method. We also performed diffraction experiments on SWNT samples produced by electric arc discharge for the sake of comparison. Our data are discussed in term of geometrical space model and with the help of the kinematical theory. It is shown that the small bundles produced by the CCVD technique are characterized by the presence of only a few helicities ͑one or two͒.
II. EXPERIMENT
The SWNT samples were synthesized on 2.5 wt % Co/ MgO catalyst by decomposition of methane at 1000°C and purified by a hydrochloric acid treatment to remove the catalyst. The experimental procedure has been reported elsewhere. 9 Concerning the SWNT samples produced by electric arc discharge, they were synthesized with the mixture Ni/Y/C 0.5/0.5/99 at % following the procedure described in Ref. 8 . In each case, the nanotube-containing material was mechanically transferred to a copper transmission electron microscope grid and examined in a JEOL 200 CX microscope.
III. GENERAL CONSIDERATIONS ON THE DIFFRACTION FROM SWNT BUNDLES
In the geometrical model of the reciprocal space of the nanotubes, 18 -20 the presence of intensity in a given diffraction direction is related to a Bragg reflection of the flat graphite network suitably rolled up into a cylinder. The diffraction pattern is given by the intersection of the Ewald sphere with the distribution of nodes in reciprocal space and is shown to depend on the helicity and the tilt angle of the tube with respect to the incident electron beam.
The diffraction pattern of a bundle of SWNT's consists of intense spots along a line perpendicular to the needle axis, called the equatorial line, and a distribution of nonequatorial hk.0 nodes, elongated in the direction normal to the axis and having their intensity fading away towards the exterior. The spot positions along the equatorial line are determined by the stacking periodicity of the nanotubes and the orientation of the bundle of nanotubes with respect of the electron beam. The shapes and intensities of the spots depend on the size of the bundle and on the form factor of a single SWNT. This form factor can mainly be represented by a Bessel function of zero order, rJ 0 (Kr), which is the Fourier transform of a cylindrical objet of radius r, with K the scattering wave vector. Generally, the spots form streaks along the equatorial line axis, due to the strong curvature of the tubes and the finite size of the bundle, and the density of scattering is higher close to the origin.
The other regions of high scattering density in reciprocal space correspond to the hk.0 reflections. The corresponding spots have a sharp end that originates from segments of the tubes which are normal to the incident electron beam. When the tube axis is normal to the incident electron beam, the hexagonal structure of the graphene layers causes a hexagonal arrangement of 101 0 and 112 0 reflections in the diffraction pattern. The orientation of this pattern depends on the helicity of the tube. For nonchiral nanotubes, the diffraction pattern exhibits a single hexagonal arrangement of reflection spots, whereas for chiral nanotubes each spot is split in two, and two sets of hexagons are observed. The angular separation between these hexagons is twice the chiral angle ␣ of the tubes, which can thereby be determined. The complete pattern has still mm2 symmetry and is represented schematically in Fig. 1 . Based on these geometrical considerations, the helicity can be estimated from the experimental electron diffraction patterns obtained at normal incidence. The value of ␣ can be measured directly in the pattern from the relative positions of the spots around the first ͑101 0 spots͒ or second ͑112 0 spots͒ diffraction circles.
IV. RESULTS: OBSERVED DIFFRACTION PATTERNS
We now discuss a number of experimental diffraction patterns that were taken from isolated, straight bundle of SWNT's. As a first example, a typical diffraction pattern obtained with an isolated bundle of SWNT's produced by electric arc discharge is shown in Fig. 2 . This bundle contains more than 50 nanotubes, perhaps as the result of the coales- cence of several smaller bundles. 25 Its diffraction pattern shows the two main features discussed here above: ͑1͒ a line of spots crossing the central 000 beam and perpendicular to the bundle axis ͑equatorial line͒ and ͑2͒ two diffuse arcs having their centers on the 000 beam. The radii of the inner and outer circles are consistent with the length of the diffraction vectors of type 101 0 and 112 0 of graphite, respectively. The diffracted intensity along the circles is neither spotty nor uniform over a complete ring. Instead, the largest intensity is found close to north and south poles, and a weaker one near the equator. This diffuse distribution of intensity is the indication of a random and continuous distribution of helicities. 25 We now discuss the data obtained with SWNT's synthesized by the CCVD method and organized in nanobundles. The discussion proceeds in three steps: ͑1͒ the description of SWNT bundles from TEM images, ͑2͒ the helicity observed within the bundles, and ͑3͒ an analysis of the spot distribution along the equatorial line.
A typical example of an isolated straight bundle of SWNT's synthesized by the CCVD method is illustrated in Fig. 3 . The bundles we selected for our diffraction experiment all have this aspect. Most of them were made of a small number of tubes because we tried to avoid polycrystalline bundles resulting from a grouping of several ropes. The size of the bundles studied is around 10 nm in diameter ͑20-30 tubes͒, which is much smaller than the size of the bundles considered in previous diffraction experiments. Moreover, as clearly seen in Fig. 3͑b͒ , the bundle presents different lattice fringe periods, which means different crystallographic orientations when moving along the axis. This modulation is due to the twist of the bundle 25 and, consequently, the electron beam in selected-area diffraction experiment probes various orientations of the crystal. From the HRTEM images, the lattice parameter can be estimated to be around 14 Å.
A first ED pattern obtained on a straight bundle is presented in Fig. 4͑a͒ . The 101 0 spots form two perfect hexagons on the inner circle and, also, 112 0 spots are observed close to the north and south poles on the second circle. This pattern suggests the presence of a single helicity, as discussed in the previous section. The diffraction pattern has the mm2 symmetry expected for a helical SWNT ͑see the previous section and Fig. 1͒ . The angle 2␣ has been evaluated at around 48°; the chiral angle is therefore 24°. A precise measurement of the angle is made difficult by the streaking of the spots. Figure 4͑b͒ shows a simulated diffraction pattern computed at normal incidence for an assembly of 31 ͑10,7͒ nanotubes on an triangular lattice. The calculated spot positions nicely fit the experimental diffraction pattern ͓Fig. 4͑a͔͒. The ͑10,7͒ nanotubes have a diameter d t of 11.6 Å and a chiral angle ␣ of 24°. They were selected on the basis of the measured helicity and the approximate lattice parameter of 14 Å deduced by the HRTEM images, assuming a tube-tube dis- tance of 3.2 Å. The value of the lattice parameter is confirmed by the analysis of the spot distributions along the equatorial line ͑see below͒. The others nanotubes with a chiral angle close to 24°are the ͑11,7͒ tubes ͑d t ϭ12.3 Å, ␣ ϭ23°͒ and the ͑9,7͒ tube ͑d t ϭ10.9 Å, ␣ϭ26°͒, but their diameters do not agree so well with the experimental value.
A second diffraction pattern is shown in Fig. 5͑a͒ . The inner circle now contains three hexagons of weak, elongated spots identified with three different symbols in Fig. 5͑b͒ . The hexagon formed by the 101 0 spots, indicated by an asterisk *, corresponds to a zigzag structure. The other two sets of hexagons, denoted # and ϩ, correspond to a chiral structure with an angle 2␣ estimated at around 32°and, then, correspond to a chiral angle of 16°. The planar symmetry of the diffraction pattern is again mm2. 112 0 spots with very weak intensities can also be observed on the outer circle, especially in Fig. 5͑c͒ . The differences between the two experimental diffraction patterns shown in Figs. 5͑a͒ and 5͑c͒ are the exposure times and the rotation of Fig. 5͑c͒ that was performed to match the simulated pattern shown in Fig. 5͑d͒ . The simulated diffraction pattern was computed at normal incidence for an assembly of 31 nanotubes, in a bundle mixing ͑16,0͒ tubes ͑d t ϭ12.5 Å, ␣ϭ0°͒ and ͑11,5͒ tubes ͑d t ϭ11.1 Å, ␣ϭ18°͒. Another possibility leading to equivalent results is to mix ͑15,0͒ tubes ͑d t ϭ11.7 Å, ␣ϭ0°͒ with ͑12,5͒ tubes ͑d t ϭ11.8 Å, ␣ϭ17°͒.
The ED experimental patterns displayed in Figs. 4 and 5 are typical examples selected from a more systematic study. Well-defined diffraction patterns and corresponding HRTEM images have been recorded for a total of 20 bundles. The average diameter of the bundles considered in the ED experiments was around 10 nm. As already mentioned above, this diameter is much smaller than the one of bundles synthesized by the other production techniques. Here 45% of our diffraction patterns ͑nine͒ revealed a single helicity: one corresponding exactly to the armchair structure (␣ϭ30°) and the others ͑eight͒ to the chiral structures with helical angles close to 30°͓exactly 21°, 23°, 24°, 25°, 26°͑two͒, 28°, 29°͔. We note that the helical angle values found in this study are close to 30°, but no preferred helicity came out. We observed bundles with two helicities in 40% of ED patterns like in Fig.  5 . The helical angle values are in this case rather different ͑30°-20°, 16°-0°, 21°-28°, etc.͒. The last diffraction patterns exhibit several helicities ͑more than two͒, with the 101 0 circle, which appears, however, clearly spotty. When we considered bundles with larger diameters, the diffraction patterns obtained were found similar to the one shown in Fig. 2 for a large bundle synthesized by electric arc discharge.
We now discuss in details the intensity profile along the equatorial line. From the numerous diffraction patterns we have recorded, we observed that the equatorial line could be either clearly spotty or quite continuous. Several reasons can be put forward to explain the absence of well-defined spots. First, the crystalline order of the bundle might be poor. But the observation of well-defined fringes in HRTEM does not favor this argument. Second, the bundle might vibrate under the electron beam. We tried to minimize this effect by choosing bundles that were fixed at both ends. As a general rule, when we observed well-defined helicities in the diffraction pattern ͑such as in Figs. 4 and 5͒, the corresponding equato-FIG. 5 . Selected-area electron diffraction patterns of a SWNT bundle at normal incidence: ͑a͒ and ͑c͒ experimental patterns obtained with different exposure times, ͑b͒ experimental pattern with symbols identifying the three sets of hexagons, and ͑d͒ kinematical simulation for a bundle mixing a total of 31 ͑16,0͒ and ͑11,5͒ nanotubes.
rial line presented well-defined spots as well. A typical example of a spotty equatorial line is shown in Fig. 6 , which is the magnification of the equatorial line of the diffraction pattern of Fig. 5͑a͒ . Seven spots can be distinguished and, in spite of their elongated shape, their spacing can be measured to estimate the bundle lattice parameter. Figure 7 represents three equatorial line profiles computed with the kinematical theory. The first two were computed for two homogeneous bundles corresponding to the two nanotubes mentioned before: ͑16,0͒ tubes (d t ϭ12.5 Å) for the chiral angle of 0°and ͑11,5͒ tubes (d t ϭ11.1 Å) for the chiral angle around 16°. The third profile is the sum of the first two curves that describes the diffraction pattern combining two nanobundles, one made of ͑11,5͒ tubes and the other made of ͑16,0͒ tubes. A bundle made of a random mixing of ͑11,5͒ and ͑16,0͒ tubes would present poorly defined peaks due to the disorder of the crystal. The widths of the peaks are the consequence of the finite number of tubes in the bundles and do not result from extra broadening. The helicity plays little role along the equatorial line of the diffraction pattern. The comparison of the experimental diffraction profile and the simulated curve for ͑11,5͒ and ͑16,0͒ nanobundles ͑Fig. 7͒ indicates that the observed bundle could be the result of associating two monochiral nanobundles: one composed of nanotubes with chirality around 0°͓͑16,0͒ tubes͔ and another with chiral angle around 16°͓͑11,5͒ tubes͔. It is also worth noting that the observed spot position can definitely not be attributed to a single crystal of SWNT's. This rules out the interpretation of the diffraction pattern as being due to a single crystal of SWNT's made of tubes with different helicities, but similar diameter.
For a further analysis, Table I lists the experimental values of the spots positions, as marked in Fig. 6͑a͒ , together with the positions of the Bragg reflections computed for infinite crystalline bundles with lattice parameter aϭ15.7 Å ͑corresponding to a nanotube diameter of 12.5 Å, assuming an intertube spacing of 3.2 Å͒ and 14.3 Å (d t ϭ11.1 Å). The small differences between the positions of the peaks indicated in Fig. 7 and the values given in Table I are due to the form factor of the tubes and the finite size of the bundles which Fig. 7 relates to. There is a reasonable correspondence between the experimental spot positions and the values given in Table I ͑named ''Mixing''͒ for the bundle mixing the two nanotubes with different diameter and helicity. In the simulation, the positions of the peaks k 1 and k 2 were taken at the center of the twin peaks in the third profile of Fig. 7 . However we note that the position of the experimental spots is difficult to determine with precision due to their elongated shape. Each spot or couple of spots can then be associated with a Bragg reflection of one of the two nanocrystals. Now, the relative intensities of the spot in the experimental spectrum ͓Fig. 6͑b͔͒ are not well reproduced by the computed line profile of Fig. 7 , even if one takes into account the nonlinear response of the photographic film used to record the diffraction pattern. Part of the disagreement can be explained by the twist of the bundle, which continuously changes to the orientation of the bundle lattice with respect to the electron beam. In the calculations, an average on all possible orientations of the lattice was considered to simulate this effect. In order to reduce the range of possible orientations, the calculations were performed for a bundle having a six-fold symmetry, which is certainly not realistic. In addition, the twist of the bundle affects the form factor of the constituent nanotubes, since then the tubes spiral around the rope and are no longer straight as assumed here. A small change of form factor can modify the intensities of the Bragg spots. Finally, a deformation of the bundle could also change the relative intensities of the Bragg peaks.
V. DISCUSSION
A central question raised by the above data is to find an explanation for the monodispersity of chirality within a single SWNT bundle. This selectivity has already been mentioned in the literature, 7, 26, 31, 32 but was never so clearly demonstrated.
First, we note that the samples studied in the present work were synthesized by the CCVD method, and no information about the helicity of SWNT's produced by that technique has been published so far. However, HRTEM studies and Raman spectroscopy indicate that the samples are composed of SWNT's organized in regular bundles, as well as isolated nanotubes. A complete description of the global morphology of the SWNT's produced by CCVD has been published elsewhere. 30 An important observation is that the diameter of the bundles is much smaller than the one of bundles synthesized by the other production techniques, perhaps because the catalytic particles on which the nanotube grow are smaller. In the 20 ED patterns analyzed in the present work, one ͑Fig. 4͒ or two ͑Fig. 5͒ tube helicities have been found in nine and eight small bundles, respectively. The fact that the spot features along the equatorial lines in Fig. 5 cannot been explained without invoking two distinct lattice periods and then two nanocrystals with different periodicity leads us to conclude that this bundle is an assembly of two nanobundles, each one being characterized by a unique diameter and helicity. It is then tempting to conclude that, in the initial stage of the formation, small bundles of SWNT's with a unique chirality are formed. The nanotube diameter of the samples considered in the present study is also smaller than the one commonly produced by the other synthesis techniques. A lattice parameter of 14 Å and a tube diameter around 11 Å were found, to be compared with the lattice parameter of 17 Å and tube diameter around 14 Å for commonly produced SWNT's. 7, 8 However, the smaller diameter of such nanotubes is not the main reason for the strong selectivity of helicity, which is rather believed to be due to the small diameter of the bundles selected in the ED experiments. Larger bundles, as the ones produced by electric arc discharge or laser ablation, then appear as the result of the coalescence of smaller ones that have grown under slightly different conditions ͑temperature, composition, or orientation of the catalyst, etc.͒. This is why the electron diffraction pattern of such bundles revealed a large distribution of chiralities.
A last discussion concerns the chiral angles found experimentally when unique helicity is observed within a single bundle. In this case, the tube structures are close to armchair geometry. When two chiralities were observed, the helicity distribution seems to be broader. At this point, we do not know if these observations come from an intrinsic structural property of the nanotubes and then from a growth mechanism which would favor SWNT's close to armchair helicity. 
VI. CONCLUSIONS
The diffraction patterns observed in the case of the SWNT bundle synthesized by the CCVD method show more chirality selectivity than the ones previously studied. The majority of the diffraction patterns of SWNT bundles clearly show the mm2 symmetry, with well-defined helicities and also a wellstructured equatorial line. The chirality selectivity is explained by the small size of the bundles studied. We postulate that large bundles of SWNT's are an assembly of smaller, nanocrystalline ropes characterized by uniform helicities and diameters.
